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Introduction
Sonodynamic therapy (SDT) is a relatively new and promising cancer treatment modality which involves the synergistic effect on cell killing by the combination of sonosensitizers and ultrasound [1, 2] . Ultrasound, especially focused ultrasound has an ability in focusing energy into small volumes, with minimal undesirable side effects [3, 4] . Sonosensitizers can preferentially accumulate in malignant cells and be activated by ultrasound of appropriate property [5] . Several in vitro and in vivo studies have confirmed that SDT has significant damage effects on various tumors, and shows great potential for target cancer therapy [2, 4, 6, 7] .
Protoporphyrin IX (PpIX) is known as an effective component of hematoporphyrin derivatives, which was found preferentially accumulated in rapid proliferating cancer cells, thus providing selective destruction of tumors exposed to ultrasound [8] . Under normal condition, PpIX and heme (iron-PpIX) are vital for cellular homestasis, but free uncommitted pools of these molecules are highly cytotoxic [9] . Studies have found that the concentration of PpIX in cell or tissue could be increased not only by administration of its precursor δ-aminolevulinic acid (5-ALA) but also PpIX itself [10] [11] [12] . Obviously, the exogenous PpIX leads to more visible cytotoxicity than endogenous PpIX in SDT [10] .
Many studies have documented SDT induced apoptosis in a variety of cell types by an array of different sensitizers [1] [2] [3] [4] [5] [6] [7] . Apoptosis induction is arguably the most potent defense against cancer. The process of apoptosis induced by SDT may involve SDT induced damage on several cellular components, such as plasma membrane, mitochondria, nucleus and chromatin. On the other hands, some observations indicate that SDT may induce tumor cell apoptosis through the influence of genes regulating apoptosis [4, [12] [13] [14] . However, since the efficacy of SDT may be influenced by multiple factors, including the nature of the biological model, the sonosensitizer, and the ultrasonic parameters, the detailed mechanism of SDT is unclear until now. Therefore, this study addressed the sonodynamic damaging effect of PpIX combined with ultrasound on human leukemic cell line U937.
Materials and Methods

Sonosensitizer and chemicals
PpIX was purchased from Sigma Chemical Company and the purity was greater than 95 %. PpIX was dissolved in deionized water at a stock concentration of 1 mg/ml, sterilized and stored in the dark at -20 ℃ prior to use. Mito Tracker Green (MTG) was purchased from Molecular Probes Inc. (USA). N-acetylcysteine (NAC), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylter-trazolium bromide tetrazolium (MTT), 4', 6-diamidino-2-phenylindole dihydrochloride (DAPI), propidium iodide (PI), Rhodamine 123 (Rh 123) and 2, 7-DCFdiacetate (DCFH-DA) were from Sigma-Aldrich (USA). All other reagents were commercial products of analytical grade.
Cell line and culture
Human leukemic cell line U937 was obtained from Institute of Chinese Academy of Medical Sciences, Beijing, China. Cells were grown in RPMI 1640 medium (Gibco) supplemented with 10 % fetal bovine serum (Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine under a humidified 5 % carbon dioxide (CO 2 ) and 95% air atmosphere at 37 ℃. Cells in the exponential phase were used for experiment, and the cell viability was above 95 % using trypan blue exclusion test before each treatment.
Ultrasonic exposure system
The experimental set-up for insonation was similar as previously described [13] . Briefly, focused ultrasound transducer with a circular ceramic aperture of 15 mm in diameter, manufactured by the Institution of Applied Acoustics, Shaanxi Normal University (Xi'an, China), was submerged in degassed water in the tank facing directly upward. The electrical signal was generated and amplified by a multi-functional generator (AG1020, T&C Power Conversion, Inc., Rochester, NY, USA) before being sent to the transducer.
The ultrasound field distribution was recorded by the Ultrasonics C-Scan image System (3560C, Physical acoustics corporation, USA). The central focal spot was shown at about 26 mm away from the piezoelectric sound source. The produced focal area was about 6-8 mm in the lateral dimension and 1.6 cm in the axial direction. Ultrasound irradiation was conducted with a frequency of 1.1 MHz in a continuous wave mode for 60 s duration. 0.5 ml sample contained in a polypropylene test tube was placed into the center of the focal zone for irradiation. Samples were submerged entirely in degassed water and the test tube was rotated at 20 rpm by a micro-motor to improve mixing and to provide a uniform exposure. Every tube was capped by a rubber stopper as a sound absorber to minimize standing wave effects, but this process was not particularly efficient because there was air between the cap and suspension; therefore, the sonication setup used in this study could have resulted in some standing waves. Damage to the U937 cells from ultrasound treatment was evaluated in this state.
Due to the difficulty in measuring the acoustic intensity in the field, we measured it in the free field instead. Suppose in the plane wave conditions and the ultrasound attenuation was negligible, the peak acoustic pressure (p(t)) at the central focus of the sound field (-6 dB) was measured using a needle broadband hydrophone (PT-080546, active element size: 0.8 mm, Institute of Acoustics of Chinese Academy of Sciences, China), and the detected signal was registered on a digital oscilloscope (Tektronix, Inc., USA). The acoustic peak intensity calculated from the eqution I (t) = p 2 (t)/ρc, where (ρ) is the density of the medium, and (c) is the speed of sound in the medium. The spatial average value was evaluated using a three dimensional micromanipulator scanning system, and the temporal -average value was calculus analyzed as a function of the duration time. During 60 s' exposure, the acoustic intensity in the exposed area was calculated as about 1.0 W/cm 2 (I SATA , spatial average time average intensity) when the load power by the AG1020 apparatus indicated 3 W.
For all experiments, the coupling water was degassed before ultrasound treatment and was maintained at room temperature during irradiation. Temperature increase inside the test tube was measured before and after ultrasound treatment with a digital thermometer, and no significant variation of temperature was detected (± 1 ℃). Thus, any bio-effects observed in this study were considered to be non-thermal.
SDT treatment protocol U937 cells (1×10
6 cells/ml) in the exponential phase were collected and divided randomly into four groups: (1) control; (2) PpIX alone; (3) ultrasound alone (Us); (4) ultrasound plus PpIX (SDT). The cells in the PpIX alone and SDT groups were incubated with PpIX, while an equivalent quantity of medium was added to the control and Us groups instead of PpIX. The cells in the Us and SDT groups were exposed to ultrasound at a frequency of 1.1 MHz and an intensity of 1 W/cm 2 for 60 s duration. After the treatment procedure, cells were re-suspended in fresh medium and cultured for an additional time as specified in the text and then subjected to different analysis. During the experiments, all the samples were placed in the dark to avoid the light-activated impact as much as possible. For inhibitory studies, 5 mM special reactive oxygen species (ROS) scavenger NAC was added to culture medium prior to loading PpIX 1 h. The inhibitor at the used concentrations did not yield any significant damage to U937 cells.
Estimating cellular uptake and localization of PpIX U937 cells (1×10
6 cells/ml) were incubated with PpIX at various concentration (0, 0.5, 1, 5, 10 μg/ml) for 0.5, 1, 2, 3, 4, 5 and 6 h. Cells were harvested and washed three times with phosphate-buffered saline (PBS, pH 7.2). PpIX autofluorescence was measured by flow cytometer (Guava easyCyte 8HT, Millipore Co.). A total of 5000 cells were analyzed for each sample, and the mean fluorescence intensities were recorded to represent the uptake of PpIX by U937 cells indirectly.
For detecting the cellular localization of PpIX, U937 cells were incubated with 2 μg/ml PpIX for 2 h, then co-loaded with 3 nM MTG. Subsequently, cells were washed with PBS and imaged using inverted confocal laser scanning microscope (TCS SP5, Leica Co.). In multi-channel imaging, photomultiplier sensitivities and offsets were set to a level at which bleed through effects from one channel to another were negligible.
Cell viability assessment
The cell viability was evaluated by MTT assay to reflect the effect of ultrasound on the viability of U937 cells in the presence and absence of PpIX. The PpIX at concentration of 2 μg/ml was added to PpIX alone group and SDT group. After different treatment, cells were harvested and 100 μl suspension in each Li et 
group were added to 96 well culture plates, and the cell viability was determined at 4 h. Briefly, 10 μl MTT solution (5 mg/ml in PBS) was added to each well and the mixture was incubated for additional 4 h at 37 ℃ in a CO 2 incubator. The formed formazan crystals were dissolved in the combined solution buffer (10 % SDS, 5% isobutyl alcohol, 0.01 M HCl) and the absorbance at 570 nm was recorded using a microplate reader (ELX800, Bio-Tek) against the reference value at 630 nm. The cell viability of treated samples was then analyzed by comparing to the incubated but non-treated control.
Morphological observation
In order to detect changes in nuclei morphology of U937 cells after SDT treatment, DAPI staining was performed as previous described [15] . DAPI is a fluorescence probe, which binds to natural doublestranded DNA, and representative the change of the nuclei morphology. At 4 h post treatment, U937 cells were harvested and washed three times with PBS and then stained with 4 μg/ml DAPI at 37 ℃ for 15 minutes. Then the stained cells were washed and re-suspended with PBS and mounted on slides. Cells were visualized under a fluorescence microscope (Nikon) with standard excitation filters. Excitation wavelength was 364 nm and emission wavelength was 454 nm. Simultaneously, the corresponding phase contrast images were recorded.
Analysis of DNA fragmentation
The detection of DNA fragmentation by flow cytometry was performed through adding PI to the cells and permeabilizing them by freeze-thawing [16] . PI is an intercalating agent and a fluorescent molecule, which can bind to double-stranded DNA molecule and shows red fluorescence. Once DNA fragments increase, the fluorescence intensity of PI would be reduced. At 4 h post treatment, cells in each treatment group were harvested and washed with PBS, then re-suspended in 200 μl Hanks' buffer containing 5 μg/ ml PI in 1.5 ml eppendorf tube. The tubes were immediately placed in liquid nitrogen for 30 s and then thawed in 37 ℃ for 5 minutes. This procedure permeabilizes the cells and stains them with PI. Samples were analyzed by flow cytometry. Histograms were analyzed using FCS Express V3 (Novo Tech Software Ltd.).
Examination of mitochondrial membrane potential (Δψ m )
Rhodamine 123 (Rh 123) was widely used to evaluate perturbation in mitochondria membrance potential (Δψ m ) as previously described [17] . At 2 h after different treatment, cells were harvested, washed and re-suspended in PBS. Then the cells were incubated with 2 μg/ml Rh 123 at 37 ℃ for 20 min with gentle shaking. The samples were then analyzed by flow cytometry. The percentage of cells exhibiting a low level of Rh 123 uptake represented Δψm loss. Histograms were analyzed using FCS Express V3.
Determination of intracellular ROS
Intracellular reactive oxygen species (ROS) production was detected through measuring the fluorescence intensity of dichlorofluorescein (DCF) as described by our previous papers [17] . 2, 7-DCFdiacetate (DCFH-DA), DCFH-DA is a non-fluorescent cell-permeant compound. Once inside the cell, it is cleaved by endogenous esterases and thereby trapped within the cell. The de-esterified product becomes fluorescent compound DCF on oxidation by ROS. At 1 h after different treatment, cells were harvested, washed and re-suspended in PBS, then incubated with 10 μM DCFH-DA at 37 ℃ for 30 min with gentle shaking. Then the samples were monitored by flow cytometry. Histograms were analyzed using FCS Express V3 software.
Statistical analysis
The SPSS 16.0 software (SPSS Inc.) was used for the statistical analysis. Values are expressed as the mean ± the standard error of the means (S.E.M) of three samples from three independent experiments. Statistical comparisons were made using the Student's t-test and one-way analysis of variance (ANOVA) followed by Tukey's test. Statistically significant differences were set at p < 0.05 or p < 0.01.
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Results
Cellular uptake and localization of PpIX
Intracellular PpIX accumulation was determined by flow cytometry. As shown in Fig.1 , the uptake process of PpIX was a dynamic change trend. Intracellular PpIX content rapidly increased at the first 0.5 hours when U937 cells were co-incubated with various initial concentration of PpIX (0, 0.5, 1, 5, 10 μg/ml) and reached a relatively high level at 2 hours after incubation. The result suggested that 2 hours may be the optimal incubation time of PpIX with U937 cells for the follow-up ultrasonic irradiation treatment.
After 2 hours incubation of PpIX, cells were co-loaded with mitochondria probe MTG. The Fig. 2 displayed that PpIX labeling pattern corresponded well with MTG, The co-staining images of PpIX and MTG showed a good over-lapping of both fluorescent signals indicating a higher concentration of PpIX in mitochondria in U937 cells, where PpIX mainly accumulated.
Cytotoxicity induced by PpIX combined with ultrasound
The cytotoxicity efficacy of PpIX combined with ultrasound on U937 cells was measured by MTT assay. As shown in Fig. 3 , at 4 h post treatment the cell viability rate of PpIX group and Us group was 80.31 % and 85.47 % (p < 0.05 versus control group), respectively, indicating that PpIX alone and ultrasound alone all showed certain inhibitory effect on U937 cells under our experimental condition. Obviously, cell viability was significantly inhibited after treated by ultrasound plus 2 μg/ml PpIX, the viability rate declined to 52.25% (p < 0.01 versus other groups), suggesting an enhancement of cytotoxicity compared PpIX or ultrasound alone.
Morphological changes of cells induced by PpIX combined with ultrasound
The nuclei morphological changes were detected through DAPI staining at 4 h after treatment. Both the fluorescent image and the corresponding phase-contrast image were captured. As shown in Fig. 4 , the nuclei of control cells appeared to be slightly blue and homogeneous fluorescence, normal growth state was shown with intact cell plasma membrane in phase contrast. Compared with control group, cells in Us group had no visible nuclei changes, displaying a weak well-distributed fluorescence with integrated morphology; cells in PpIX group showed slight enhanced DAPI staining while intact the phase contrast 
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Analysis of DNA fragmantation As described in the Materials and Methods section, the DNA fragmentation was detected by flow cytometry.at 4 h after treatment. Fig. 5 showed the rate of DNA fragmentation in control group is 8.03 %, and those of PpIX group and Us group were 11.67 % and 9.33 %, respectively. But in the SDT group, the level of DNA fragmentation significantly increased to 31.1 %. The results implied that PpIX-mediated SDT markedly induced DNA damage of U937 cells compared with PpIX or ultrasound alone.
Mitochondrial damage assessment
Rh123 staining combined with flow cytometry was used to evaluate the Δψm change to reflect the mitochondrial damage induced by PpIX-mediated SDT. The data in Fig. 6 showed that compared with the control cell (7.83 %), the percentage of cells exhibiting low level of Rh 123 uptake was up to 22.60 % at 2 h post SDT treatment, while PpIX and ultrasound alone could not cause significant Δψm loss in U937 cells (11.03 % and 7.93 %, respectively).
Production of intracellular ROS detection
In this study, intracellular ROS production after different treatment was monitored through measuring the conversion of non-fluorescent DCFH-DA to fluorescent DCF using flow cytometry. Fig. 7 displayed that at 1 h post treatment, only 9.00 % of cells in control group showed bright DCF fluorescence; In the PpIX group and ultrasound group, the percentage of cells with higher DCF fluorescence was about 11.43 % and 11.50 %, respectively. But in the 
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SDT group, the rate of cells exhibiting higher DCF fluorescence was up to 33.63 %, indicating PpIX mediated-SDT significantly enhanced the production of ROS. We co-administrated a special ROS scavenger NAC to further investigate the role of ROS in SDT-induced cell damage in U937 cells. The results in Fig. 8 revealed that the fluorescence intensity of Rh 123 in the SDT sample pre-treated by NAC (the SDT-NAC group) was much higher than those of SDT group; Moreover, MTT assay revealed that decreased cell viability caused by SDT was obviously rescued by NAC (Fig. 9) . These results indicated that ROS might be one of the factors which caused mitochondria damage, and it played an important role in the process of PpIX-mediated SDT killing U937 cells.
Discussion
It is well known that SDT can cause immediate sonolysis and delayed cell apoptosis by both direct mechanical stress and indirect chemical reaction [2, 6, 18] . Numerous studies demonstrated the ultrasound could induce apoptosis in a variety of cell types combined with an array of different sensitizers. In 2000, Ashush reported that ultrasound could trigger cell apoptosis in leukemia cells [19] . Subsequently, some studies indicated that lowintensity ultrasound combined with sonosensitizers could synergistically enhance apoptosis in leukemia cells. Changes caused by SDT in the malignant cell such as cell membrane destruction, mitochondria damage, chromatin condensation and ROS overload might be important factors that inhibited the tumor cell growth and even induced cell death [19] [20] [21] . Until now, the synergistic killing effect of SDT on leukemia cells is still unclear. Based on these earlier works, this study was to investigate the biological response of human leukemia U937 cells to PpIX mediated SDT treatment.
The effects of SDT depend mainly on the concentration and localization of sonosensitizer accumulated in the tumor cells. Sonosensitizer can enhance the ultrasonically induced cell damage in a concentration-dependent manner; the localization of sonosensitizer is potentially important for SDT because of the very short lifetime and very short diffusion distance of some radical products derived from the sonosensitizer during sonodynamic treatment process, which determines the localization of the primary damage [22, 23] . In this study, the cellular uptake of PpIX and its intracellular localization in U937 cells were firstly investigated. The data in Figure 1 showed that PpIX accumulated in U937 cells quickly and sustained at a relatively high level at 2 h of incubation, and it mainly localized in the mitochondria of U937 cell (Fig. 2) . Previous reports have shown that under physiological conditions, mitochondria accumulate PpIX for haem synthesis, and this process is regulated by many factors [24, 25] . Studies suggest that PpIX has a high affinity for peripheral benzodiazepine receptor on the outer membrane of mitochondrial [23] . That may be one of reasons why PpIX accumulation mainly localized in the mitochondria. In U937 cells, we found that PpIX mainly accumulated in the mitochondria, which is similar to other related studies.
In preliminary experiments, we also confirmed that PpIX decreased cell survival rate in a dose-dependent way in U937 cells (data not shown). Therefore, 2 μg/ml PpIX was selected in the present experiment, as the cell survival rate was approximately 80% when cells were treated by 2 μg/ml PpIX (Fig. 3) . The cell viability rate was assessed by MTT assay at 4 h post SDT treatment. Significantly, cell damage was remarkably enhanced by PpIX plus ultrasound, whereas ultrasound alone did not show serious damage effect on U937 cells (cell survival rate was 85.47 % in ultrasound alone group versus control group).
The morphology change and nucleus damage were studied by phase contrast and fluorescence microscope (Fig. 4) . At 4 h post treatment, results obtained from DAPI staining showed enhanced blue fluorescence with condensed chromatin; simultaneously, the cells treated by SDT exhibited obvious cell swelling or necrosis with broken cell membrane under phase microscopy. But PpIX or ultrasound alone had little effect on U937 cells under experimental condition. Moreover, as shown in Figure 5 , more significant DNA fragmentation was detected in SDT by flow cytometry (31.1 % versus 8.03 % in control group, 11.67 % in PpIX group and 9.33 % in ultrasound group). The typical apoptotic characteristics of nucleus and high level of DNA fragmentation in U937 cells treated by SDT prompted that apoptotic death would happen when U937 cell were exposed to SDT treatment. A lot of studies on the anti-tumor effect of SDT hypothesize that the extrinsic death receptor pathway and the mitochondria-initiated pathway, which participate in cell apoptosis, might be involved in the malignant cells response to SDT [14, 26, 27] . More details about apoptosis in U937 cells under SDT treatment are still in further study.
As mentioned above, we confirmed that PpIX mainly accumulated in mitochondria of U937 cells. Lin et al found that PpIX overload disrupts mitochondrial dynamics in hepatocytes [28] . It is presumed that PpIX would mediate mitochondria damage under ultrasound irradiation. Therefore, the mitochondrial membrane potential changes (Δψm) of U937 cells were monitored after sonication. As shown in Fig. 6 , an initial drop in Δψm was detected at 2 h post treatment, indicating that the mitochondria were seriously damaged after SDT treatment. This result was consistent with our previous studies, suggesting the mitochondria may be one of the most effective damaging sites in SDT treatment [13, 20] . As the major energy generators, mitochondria mediated apoptosis occurs in response to a wide range of stimuli, and the decrease of Δψm as a result of mitochondria depolarization in association with apoptosis appears to be a common event.
ROS are highly reactive molecules that originate mainly from the mitochondrial electron transport chain, and damaged mitochondria stimulate increased ROS production, which may subsequently aggravate mitochondria damage [29] . It is known that some ROS products derived from the sonosensitizer during sonodynamic treatment process, and they are important factors of cell death regulation [20, 30, 31] . In our experiment, the generation of intracellular ROS was detected. As shown in Figure 7 , the intracellular ROS in SDT group displayed a rapid generation, whereas there was no occurrence in the control, PpIX and ultrasound alone groups. Moreover, pre-treatment with NAC, a scavenger of ROS, the descent of Rh 123 uptake caused by SDT was inhibited, and the cell killing effect of SDT was also inhibited. These results suggested that intracellular excessive ROS generation was induced by PpIX-SDT treatment, and an oxidative stress mechanism was involved in response to sonochemical effect in U937 cells. ROS can modulate wide varieties of biological processes Li et 
